
AD-A138 322 THE POTENTIAL DEPENDENCE 
OF SURFACE PLASMON-ENHANCED 

U
SECOND HARMONIC GENE.. (U) IBM RESEARCH LAB SAN JOSE CA
RM CORN FT AL. NOV 83 TR-3 N00014-82-C-D583

UNCLASSIFIED FG74 N



L3.2

111112. 1.5

MICROCOPY RESOLUTION TEST CHART
NATINAL BUREAU Of STANDARDS-1%3-A



SECURITY CLASSIFICATION OF THIS PAGE (39m, Doe. EntersdJ.

REPORT DOCUMENTATION PAGE - ' FAt ISTRUCTIONS

I. REORT "NDER2. GOVT ACCCSSSON 0.S. RECIPIENT'S CATALOG NUME

4. TITLE (and SubNjIS .TP FRPR EID.ADO
The Potential Dependence of Surface Plasmon-S.YPO ROT&PEIOvED
Enhanced Second Harmonic Generation at Thin

FilmSilvr Elctroes . PERFORMING ORG. REPORT NUMBER

7. AUTHOR(*) 11. CONTRACT OR GRANT NUNSERfs)

cl Robert M. Corn, Marco Romagnoli,
Marc D. Levenson and Michael R. PhilpottN0148-53

N0Ol4~/~C5A

9. PERFORMING ORGAN. ZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
IBM Research Laboratory AREA 6 WORC UNIT NUMBERS

5600 Cottle Road, San Jose, CA 95193

I I. CONTROLLING Of, ICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research
800 orthQuiny SteetNovember 1983
800 orthQuicy Sreet13.NUMBER OF P AGES

Arlington, VA 22217 seventeen (17)
14. MON! TORINO AGENCY NAME SADORESS(if diffeet from Controlling Office) 1S. SECURITY CLASS. (of this r.po,)

UN4CLASS IFIED
IS. OECLASSiFICATIONDOOWNGRADING

SCmEDULE

16 OISTRI3UTION STATEMENT (of fiats Report)

Approved for public release; distribution unlimited.

M? DISTRIBUTION ST. 4 ENT (of? abstract entered in Block 20. it different from Repo"t)

Approved for public release; distribution unlimited.

IS. SUPPLEMENTARY FE S JN9
Submitted to Chemical Physics Letters

I9. K(EY WORDS (Continue an favors*e side if necosewv and Identify by block nftmnber)

Electrode, second harmonic generation, surface, plasmon

C-
C.-)

20 ABSTRACT (Confnu an reverse old* fineceeeely maE idenefly by block n"0bat)
Lij The intensity of second harmonic light generated from plasmon surface polaritons
-.J at thin film silver electrodes in contact with an aqueous electrolyte exhibits a

L strong dependence on electrode potential for a variety of electrochemical systems
The surface plasmons enhance the electromagnetic field at the surface, thereby
greatly increasing the second harmonic intensity at the interface. We have inea-
sured the potential dependence of surface plasinon-enhanced second harmonic
generation at a silver electrode for aqueous solutions of sodium perchlorate,
sodium thiocyanate, urea (a strong adsorbate), and for a buffered solution of

DD I JAN72 1473
SECURITY CLASSIICATION Of TrnS PAGE (Mome Does Entered)

94 01 09 064



SECURITY CLASSIPICATION OF THIS PAGEO 7 .m Deal Egwea)

lead acetate in the underpotential deposition region where a monolayer of lead
is deposited onto the silver. The results can be interpreted by a simple
theory relating the second harmonic signal to the static electric field at the
surface; to first order this field is proportional to the excess charge
density on the metal.

I A I

ft C



OFFICE OF NAVAL RESEARCH

Contract ONR-NOOO I4-82-C-0583

Technical Report No. 3

THE POTENTIAL DEPENDENCE OF SURFACE PLASMON-ENHANCED
SECOND HARMONIC GENERATION AT THIN FILM

SILVER ELECTRODES

by

Robert M. Corn
Marco Romagnoli
Marc D. Levenson

Michael R. Philpott

Submitted to

Chemical Plwysics Leiters

IBM Research Laboratory, K33/291
5600 Cottle Road

S3an Jose, California 95193

Reproduction in whole or in part is permitted for
any purpose of the United State Government. Fobr

73 GlA&I
Approved for Public Release: Distribution Unlimited C TAB IC3

JMlr1-)owne.4 0

AvllIlt-y Codes
vi. and/or-

Dist speoiai



* U 4102 (45620) 11117/83

Res.earch Report
THE POTENTIAL DEPENDENCE OF SURFACE PLASMUN-LNHANCED
SECOND HARMONIC GENERATION AT THIN FILM SILVER ELECTRODES

Robert K Carn

bmaz D. Levemuo
Mkcl R. Phflpolt

MM Rwamrh Laboratory
San Jmw, California 95193

UM Mgw -0~
W5 u~ 10 , iw Y.. I . u.C~un IIkun

ftomc W. his-



RJ 4102 (45620) 11/17/83
Chemistry

THE POTENTAL DEPENDENCE OF SURFACE PLASMON-ENHANCED
SECOND HARMONIC GENERATION AT THIN FILM SILVER ELECTRODES

Robert M. Com
Marco Roniagnof
Ma D. Levenuo
Michael R. Pbilpott

IBM Rwwrh Laboratory
San/me, California 95193

ABS A -- h intensity of second harmonic light generated from plasmon surface
polaritons at thin film silver electrodes in contact with an aqueous electrolyte exhibits a
strong dependence on electrode potential for a variety of electrochemical systems. The
surface plasmons enhance the electromagnetic field at the surface, thereby greatly increasing
the second harmonic intensity at the interface. We have measured the potential dependence
osurface plau nneh ed second harmonic generation at a silver electrode for aqueous
solutions of sodium perchlmte, sodium thiocynnate, urea (a strong adsorbate), and for a
buffered solution of lead acetate in the underpotential deposiion region where a monolayer
of lead is deposited onto the silver. The results can be interpreted by a simple theory
relating the second harmonic signal to the static electric field at the surface; to f'rst order this
field is proportional to the excess charge density on the metal.
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L DNrMODUCTION

Electric dipole allowed second harmonic generation (SHG) requires a

001M %ntrGuy"netic system. It was recognized curly on by B3loembergen et al. that this

symmietry breaking occurred at the interface of two cetoyuercmedia, such as silver

and air. they measured the Polarization and angular characteristics of the SHG from a

variety of materials. including silver. In a subsequent study, Wange noted that the SHlO from

a metal-liquid, interface showed an enhancement which was dependent upon the liquid, and

he concluded that the double layer of charge at the interface gave an additional if not

ovewhlng contribution to the second harmonic signal. Indeed, an carlier study of

Bonbrgen et al showed that the potential dependence of the SHlO at a silver electrode in

a O.1M KCI solution exhibited a strong minimum. 3 More recently, Shen el al.4 repeated

Blomegen's experiment on a flat surface, and employed the sensitivity of the SRG signal

to surfs to exnine the eletrmgei field enhancement at a number of rough surfaces,

including some _el-ctroc-hemical systems. However, several comliaon arise when surface

roughum is employed to enhance the fieds at an electrode. In particular, recent

uWdM3p4en4-a deposition eperiments indicate that the surLce-enhazicedi Raman scattering

(SERS) which occurs at electr:chmicul roughened surfaces, is due only to a small fraction

(circ 0.3%) of the molecules on the surface. One would like a technique which samples the

entire surface of the electrode. In addition Murphy eu aL6 noted that even moderate optical

energy densities during SilO can modify the surface topology of electrochemically roughened

Surfacs

y t nI auo mface paultmu (PSPu) at optically fiat surface, we can obtain

controle field eiaenns over the entire surface without the comliaton of surface

rougsb Th aPSPu s the localized elcrmagnI c waves proipgaing along the surface
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which can be created on a thin silver film by the technique of attenuated total reflection

(ATR). 7 Since the PSP is localized at the silver-solution interface, we are assured that we

are only measuring surface effects. The PSPs on a silver surface increase the field intensity

roughly by a factor of 100, greatly enhancing the signal from nonlinear processes such as

second harmonic generation. In fact, surface plasmons have been used previously by several

gop. to enhance the SHG from thin silver flms.8" I

Using this ATR technique, we have measured the potential dependence of the SHG

from silver electrodes in a number of electrochemical environments: in the presence of a

nonspecifically adsorbing electrolyte (NaCl0 4), in the presence of an adsorbed organic

material (urea), in the presence of a monolayer of underpotential deposited lead, and in the

presence of specifically adsorbed ions (thiocyanate). The experiments can be interpreted by

relating the SHG intensity to the square of the d.c. electric field at the silver surface which is

due to the excess charge on the electrode. The direct measurement of the electric field

provides heretofore unobtainable information about the electrified metal-solution interface;

this paper details one in a number of experiments which we are evaluating as methods of

probing the el"Stoha em y 1 2

H. THEORY

A. Angulr Dependence of the SHG Signal

Figure 1 shows shematicaly how the Kretchmann configuration 13 of the ATR method

is used to excite a PSP wave along the metal-solution interface. The wave vector of the PSP,

] x . is Sim for a particular fequency by the "upper branch" of the dispersion curves for a

three layer dleietrjc/metl/dulectk system represented by Eq. (1): '
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+ "2 I 23) + ex(2r~d) ( I ~ (I ~-23 0 (1)

Where

1 W~t2 /c 2  1=1, 2, 3

and d Is the thicknins of the siver fim. This wave vector, ]kx. in turn corresponds to a

particular incident angle, 0.

)EX- 1 (wu) -E Sint. (2)

Using the tabulated complex dielectric constant values1 5 for silver, we calculated 0. to

be 54.9* for our system (Schott gSm SF5: n=1.65 at 1060 nm, silver, water: n=1.33) and

measured the Plaunon angle at 55.2 ±0.50. At the low laser powers used here the second

harmonic generation was observed only when the incident lase light excited a plasmon

smfrac polariton at 1060 am

Sinc the second harmonic generation is a coherent process involving three waves it

requires the conservation of the momenta; in this particular case of surface interaction the

condition Is promptly satisfied by equating the x-compoaents of the two incoming wave

vectors with that of the outgoing second harmonic. Mahmtcly, this is expressed as:

nw)- nj(2w) sba92,/sind. (3)

w icIs just the u=Wa phas natching relation for nonlinear optical processes. From this

smeu W n awe calculate (and also obser ve an output angle 02 of 540. A pictorial

ofuunaa of the s'm/.fa= phnoantchlng of the wave vectoirs is shown in Fig. 2.

Note thut the maud 1haroi wave vector Is different than that required by the dispersion
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formula of Eq. (1), from which we calculate a surface plasmon angle of 58.6 ° . Thus, the

outgoing second harmonic beam cannot avail itself of the enhancement from the plasmon at

532 am. The wave vector mismatch of the SHG and the plasmon at 2w can be rectified by

depositing the silver film onto a grating rather than a flat surface. By choosing a grating

spacing q.,kx(2w)-2kcx(), one should be able to match the plasmon dispersion curve,

creating a surface plasmon at the second harmonic frequency as well as the fundamental

&. SHG from an Electrlfld Interface

The second harmonic signal from the interface between two centrosymmetric media can

be expressed in terms of a nonlinear polarization Pn1 '(2w): 1.4

P-o (2,,) . aE(M) x H(,d) + PE(w)(V.E(,)). (4)

This nonlinear polarization leads to an effective X( 2 ) for the surface. For an absorbing

medium, X( 2 ) can be complex. At an electrode, there is an additional signal due to the third

order hyperpolarizability:
3

S(2.) - yrEd .I w) I + y'E()(Ed.E(,)) (5)

where Ed is the static electric field at the surface. Similar electric field effects have been

obserod in crystals of calcite 16 The S-IG signal, I2,(Edc), is proportional to the square of

the total nonlinear polarization:

cc a + b2(E - c) (6)

where the costants a, b, and c am iven by IImPo12 , (y+y') I E(w) 12, and Re Po/b

respctively (we have amulmd y, y' roml). At the surface of a pWect condictor, Gauss' law

mprui th the elic feld (which mu be normal to the mrfam) is propaml to the

. ..4-
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srface chaere den ty a. Thus the SHG sigml can be exprsed as a function of the exce

chare an the dectrode.

2 2I()-a + b (4a - c). (7)

Equation (7) suggts that the S-G sina shoul be related to the square of the charge

density, and reching a minimum at a charge density of c/4u. As a first approdmation we

will assume that the constants a, b, and c are independent of electrode potential and solution

composition.

IlL EXPERIMNTAL CONSIDERATIONS

The ezpaimental arrangment is shown in Fig. 1. The fundamental (1060 am) of a

NdYAG laser i dieWed onto the umple, and the second harmonic (532 nm) is detected

with an RCA C31034 phooiltlpler tube. The lae is Q-switched at a repetition rate of

2 Ilz yilding 15 naecpulses ofappe ,Iately 2 mmijoules in energy. Since the beam is not

facumd an the amle, this Sivs an energy density of p -rately 2 mI/cm2 (this in

twpudson to the 470 mj/m 2 pules 0 Murphy aL ). The SHO signal from the

phomuiple tube is accunulated by a Princeton Applied Research (PAR) Model 162

bocar q Walp wih a Model 165 avervqn unit.

Th mpk c4ll, depicted In Fig. 3, consists of a he-y lprin of Schott SFS

&a b conat with a mA valdume of eectoyte. A thin film (45 mn as memred by a

qIxtz mieP1m asm ) of diver Is Vw.Limdp u I onto the bck side of the tMprm and serves

as the w=lq e In a thre e bm electrode pityochan l cu contoled by a PAR 173

pA laitimsm wr counts electrode and a A&/AgCI rernce eectrode were

mong A p hsaiebmd o h w e reltive to AS/A#C Anl sin wer made fm

nfmW oub a bm a dm . The solti Mw weem bubbled with dry lrpn
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prir to injection into the sealed electrochemical cell The entire sample cell was then

mounted on a double staged, ganged rotary table which allowed independent selection of the

incident laser angle (8,) and the monitored output angle (02,). This arrangement facilitated

the measurement of the angular dependence of the second harmonic signaL However, for the

determination of the second harmonic-potential curves all slits were removed to insure that

the variation of the signal with potential was not due to surface plasmon shifts.

IV. RESULTS AND DISCUSSION

The potential dependence of the second harmonic signal at a thin silver film in contact

with a 0.1M NaClO 4 solution is plotted in Fig. 4. A similar curve was obtained from a

0.01M NaClC 4 solution. In both cases, the second harmonic signal reaches a minimum at

-750 mV. Equation (7) predicts that the second harmonic signal should reach a minimum at

a potential slightly shifted from the potential of zero charge (pzc). Differential capacitance

studies of polycrystalline silver electrodes in NaClO 4 solutions have measured an average pzc

value of -1020 mV. 17 We therefore observe a shift of ca. +250 mV from the pzc for the

second harmonic signal Not all of this shift is due to the constant c in Eq. (7): the

orientation of the water dipoles at the electrode surface should make some contril -. ion to

the electric field at the metal, which would lead to an apparent discrepancy between the

differential capacitance studies and the SHG results.

What part of the interface is contributing to the signal? The charge at the electrode

can be formally divided Into three parts: qm, the excess charge on the metal, and the

bal ehaclarges q and qd fromn the solution layer directly on the electrode (i.e., at the

in Henoltz plane), and fr o the diffuse double layer respetively. Miller's rule18 suggests

that the noaulimn codfcen at the silver should dominate those of the solution. In

addltbo., the liver is the only abmU g media present (at this wavelength) so that the shift

+: --. - .. ,- ... ... . , +r- . . .- • - - - . %. .. . - - ,- .- . .. - .-.- .
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in the minimum of the second harmonic signal should be due solely to the metal. Sodium

perchiarate exhibits virtually no specific ion adsorption. so that q4 is very small. The

Independence of the signal on solution concentrto also suggests that is ' unimnportarit for

the second harmonic intensity. Thus we coniclude that the surface of the metal is where the

majority of the second harmonic signal is generated. This was actually tacitly assumed in

part 11 when we stated that a, b, and c in Eq. (7) were independent of solution composition.

To check this hypothesis we ad-ded 50 mM of urea to the 0. IM NaCIO4 solution. The

SHO-potential curve is plotted in Fig. 5. Urea will adsorb to the electrode in the potential

region around the pm changing the dielectric constant and nonlinear coefficients of the

solution layer immediately adjacent to the metal. In addition, the pzc is shifted slightly due

to the adsorpton of the organic molecules. 19 The SHO-potential curve shows a slight, shift

in the minimum to more negative potentials, but we observe no dramatic changes in the

second harmonic signal due to the presence of the urea. This supports the claim above that

the silver is the main agent of the SHO.

Although the addition of urea did not significantly alter the SHG-potential curve, we

did absive a dramatic loss of signal upon the deposition of a monolayer of lead onto the

surface. The SHG.potautial curve far a solution of 0. IM sodium acetate and 5 mM lead

acetate Is plotted along with the urea data In Fig. 5. No data was taken below -400 mV. the

p ontial at whc bulk lead deposition occurs. The underpotential deposition (upd) of a

monolyerof lead at ca. -350 mV changes the charge qhn on the electrode,20 and also

changes the nonlinear coefficients inivolved In Eqs. (4)-(5). 'Me upd experiment strongly

mapor u the ids that the sipol arises from the metal sace and niot the solution. In

addftion to the 9HO..poteati curve, we mard the cyclic -aamoVm far the led upd.
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We observed a series of broad overlapping peaks centered at -350 mV. This voltammogram

is indicative of a polycrystalline silver surface. 21

As a final test of the dependence of the SHG on the excess charge qm' we measured

the SHG from a 0.1M sodium thiocyanate solution. Thiocyanate adsorbs tenaciously onto

silver electrocies 22 This specific ion adsorption is thought to strongly shift the pzc towards

more negative potentials. Indeed, the SHG-potential curve in Fig 5 is shifted by -400 nV.

Care must be taken in the interpretation of the shift, however. The presence of thiocyanate

ions on the electrode even at qm-0 (superequivalent adsorption) can produce a static electric

field at the silver surface, thereby generating second harmonic intensity from the nonlinear

polarization in Eq. (5).

V. CONCLUDING REMARKS

We have measured the potential dependence of second harmonic signal generated at

thin silver fims via surface polaritons in a number of widely varying electrochemical

environments. The use of surface plasmons to enhance the electromagnetic field at the

surface greatly facilitates the measurement of the second harmonic signal from the interface.

The potential dependence of this signal in each electrochemical system can be explained in

terms of a straightforward theory relating the SHG to the square of the excess surface charge

on the metal. This technique greatly extends our ability to measure the charge at an

eleftOchemiu interface, removing all of the limitations and assumptions which arise from

the differential capacitance techniques. It should be remembered, however, that the excess

charge is being probed only through the associated large static fields. As seen in the case of

specific ionic adsorption, the measurement of the electric fields at the metal and within the

Inner Hemholtz plane can proMvde new Information on the structure of the metal-electrolyte

trfaee A final point worth mentioning is that the present experiments were carried out at
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a fixed wavelength, 1060 mn. SHG at wavelengths in resonance with a molecular transition

of a pm onent in the solution could provide additional information an eectrchemical
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